We have observed sustained self-pulsing in a continuously pumped, triply resonant, optical parametric oscillator. From the analysis of our experimental data, we conclude that the instability mechanism is different from the Hopf bifurcation predicted by the classical model of parametric interaction. Self-pulsing results from the interplay of a slow variable ͑temperature͒ and the optical bistability cycle, leading to a singularly perturbed system. From simple arguments, we propose a minimal dynamical model that reproduces well the observed behaviors.
We have observed sustained self-pulsing in a continuously pumped, triply resonant, optical parametric oscillator. From the analysis of our experimental data, we conclude that the instability mechanism is different from the Hopf bifurcation predicted by the classical model of parametric interaction. Self-pulsing results from the interplay of a slow variable ͑temperature͒ and the optical bistability cycle, leading to a singularly perturbed system. From simple arguments, we propose a minimal dynamical model that reproduces well the observed behaviors.
PACS number͑s͒: 42.65. Yj, 42.65.Sf Continuous-wave optical parametric oscillators ͑OPOs͒ have recently received increased interest both experimentally and theoretically. Due to their tunability and to their quantum properties, OPOs are promising sources of coherent light. They have applications in high-resolution spectroscopy ͓1͔, implementation of reference standards ͓2͔, and can be used to generate squeezed states of light ͓3͔.
It is thus important to understand the instabilities that cw OPOs may display, especially as they have been recognized as a system of choice for the study of complex nonlinear dynamics. In particular, theoretical studies have shown that OPOs are good candidates for the observation of various fundamental phenomena, such as transition to chaos ͓4͔, spatiotemporal dynamics ͓5͔, including localized structures and topological defects ͓6͔, as well as quantum images ͓7͔.
Yet, such a simple dynamical phenomenon as the selfpulsing instability observed in a triply resonant OPO ͓8͔ has not so far been given a clear interpretation. On the one hand, theoretical studies of the classical mean-field model of parametric interaction have predicted the existence of periodic behaviors originating in a Hopf bifurcation ͓4,9͔. On the other hand, the first experimental observation of a selfpulsing regime suggested that a different mechanism might be involved ͓8͔: transverse, thermal, and/or multimode effects possibly have to be taken into account. The nature of the self-pulsing instability thus remains an open and important question, especially as a good understanding of the temporal dynamics of OPOs is a first step towards investigating more sophisticated phenomena such as spatiotemporal dynamics.
In this paper, we identify a generic instability mechanism leading to self-pulsing behaviors, which differs from the Hopf bifurcation of the parametric model, and can result from several physical effects. The main ingredient is the interplay between the dynamics of a slow variable and the hysteresis cycle of a fast variable. Slow dynamics can be due to, e.g., thermal ͓10͔ or photorefractive effects ͓11͔, which are generally ignored in the modeling of OPOs.
Such instabilities are classical in perturbation theory ͓12,13͔: adding a slow variable with a small relaxation rate ⑀ is known to lead to a singularly perturbed system, which can display a dynamical instability not present in the ⑀ϭ0 case, even for small ⑀. Examples of such instabilities are found in various fields, a classical one being the Van der Pol oscillator in the singular limit ͓12͔.
First we present the experimental observations that motivate the present work. We conclude ͑i͒ that the observed instability differs from the Hopf bifurcation predicted in Ref.
͓4͔ and ͑ii͒ that the model of the OPO must involve a variable that is much slower than the optical ones. In the second part, we propose and analyze a minimal model that reproduces the observed dynamical behaviors. We show that the peculiar shape of the regimes can be explained by a mechanism of periodic bursting, where the slow variable oscillates around the bistability cycle linked to the fast optical variables.
Our experiments have been carried out with a classical triply resonant OPO ͑i.e., resonant for the pump and parametrically generated signals͒ ͓8͔. Because we are mainly interested in studying dynamical effects, the cavity length is not stabilized by a feedback loop. However, thanks to a careful design of the mechanical properties of the cavity and probably to thermal self-locking, as in Refs. ͓10,14͔, stationary or periodic regimes can be stably obtained for several minutes at fixed, uncontrolled, cavity length.
The experimental setup is displayed in Fig. 1 . The nonlinear crystal is a 7-mm-long KTP crystal ͑Crystal Laser͒ cut for type-II phase matching. To avoid transverse effects, the cavity is kept far from the stability limit ͑even in the presence of thermal lensing͒ by choosing a length Lϭ5 cm and FIG. 1. Experimental setup. Notation used: M 1 , input mirror (R max at 1.06 m, Rϭ90% at 532 nm͒; M 2 , output mirror ͑Rϭ99% at 1.06 m, R max at 532 nm͒; DM, dichroic mirror (R max at 532 nm and T max at 1.06 m); PC, polarizing cube; BS, beam splitter; FP, Fabry-Perot spectrum analyzer; P, S, and I are the photodiodes monitoring the pump, signal, and idler intensities, respectively.
mirrors with a curvature radius of 3 cm. Mirror coatings are such that the cavity is resonant at frequencies of the pump and of its first subharmonic ͑reflection coefficients are given in the caption of Fig. 1͒ . Taking into account the vendorspecified absorption coefficients of the crystal ͑2.5% cm Ϫ1 at 532 nm and 0.1% cm Ϫ1 at 1064 nm͒, the cavity finesses are estimated to be 45 for the pump and 550 for the signal and idler fields. The pump is provided by a monomode frequency-doubled Nd:YVO 4 laser ͑Coherent Verdi, 5 W of maximum power͒. Threshold power is less than 25 mW, and either stable or self-pulsing operation can be obtained depending on the cavity length and pump power. In order to extract the core of the mechanism leading to self-pulsing, we focus here on regimes involving only a single longitudinal and transverse mode, as was checked with an external FabryPerot analyzer.
The output intensities at 532 nm and 1.064 m are detected by silicium and InGaAs photodiodes, respectively. Because the time evolutions of the signal and idler fields appear to be identical, only the former will be represented here. However, as we will see below, monitoring the time evolution of the pump provides key information on the ingredients to include in the modeling of the OPO.
The observed self-pulsing regimes, such as the typical one displayed in Fig. 2 , are found to differ significantly from those predicted from the purely parametric model: ͑i͒ time scales (ϳ10 Ϫ4 s͒ are a few orders of magnitude slower than cavity lifetime (ϳ10 Ϫ7 s͒; ͑ii͒ signal and pump display discontinuities, whereas smooth waveforms would be expected; ͑iii͒ during the periods of vanishing signal, the pump continues to evolve on a slow time scale, whereas it should remain constant after a short transient of a few microseconds.
These discrepancies clearly show that a more complete modeling is required. Fortunately, the last observation clearly reveals how to proceed. When the signal is off, the intracavity pump power should depend on the cavity detuning only, as the cavity then behaves as a mere Fabry-Perot interferometer. The unexpected slow evolution thus indicates that the effective cavity length is no longer a parameter, but is slaved to a new dynamical variable, which relaxes on a slow time scale. This slow variable can reflect changes in crystal temperature in the case here and in the experiments of Hansen and Buchhave ͓10͔, and probably in the experiments of Richy et al. ͓8͔, but can also be potentially due to a range of effects such as photorefractive changes in the index of refraction ͓11͔.
During self-oscillation, no mode hop occurs for the signal and idler fields. Due to the frequency-tuning properties of type-II OPOs ͓15͔, this gives an upper bound on the maximum variation ␦L of the cavity round-trip length. Indeed, one should observe mode hops in our configuration as soon as ␦L/ p Ϸ2ϫ10 Ϫ2 , where p is the pump wavelength ͑i.e., ␦LϷ 10 nm͒. That such a tiny effect induces a large variation in the output powers clearly calls for a dynamical interpretation.
In order to show that such a slow dynamics can indeed induce self-pulsing regimes, we consider the simplest OPO model ͓4,9͔ ͑mean-field approximation, degenerate case, and without transverse effects͒ coupled to a slow variable as follows: ͑i͒ cavity detunings are assumed to be functions of , as discussed above; ͑ii͒ the time evolution of is driven by pump and signal intensities, as in, e.g., thermal effects ͑this should, however, be a generic coupling for a scalar variable͒. Since the cavity is far from degeneracy and given the high cavity finesses, the effect of variations of the cavity geometry ͑such as induced by a change in the focal length of a thermal lens͒ is orders of magnitude below the effect of the path length change. Thus, we neglect the influence of on other model parameters, such as the input pump power.
If we set A p and A s the complex amplitudes of the pump and subharmonic, respectively, the corresponding normalized evolution equations read
where the time unit is the cavity decay time of the signal field (Ϸ4͓L͔/cT s , with ͓L͔ the optical cavity length and T s the transmission coefficient of the output mirror͒, ␥ is the cavity decay rate for the pump, E is the input pump, p () and s () are the normalized detunings associated with the pump and signal, respectively, and ⑀ is the relaxation rate of the slow variable (⑀Ӷ1,␥). We have seen above that should describe changes in the cavity effective length ͑such as those caused by the dependence of refraction indexes on temperature͒. For definiteness, we choose to be the variation of the signal detuning: s ()ϭ⌬ s Ϫ. To first order, the pump detuning is then given by p ()ϭ⌬ p Ϫ2/␥ ͓16͔, and the simplest expression for f is obtained by assuming that for fixed field intensities, relaxes exponentially to an equilibrium value depending linearly on these intensities: FIG. 2 . Typical periodic regime observed experimentally with a pump power of 450 mW. ͑a͒ Signal; ͑b͒ pump. The pump evolution when the signal is off ͑as between dashed lines͒ implies that a parameter of the purely parametric model is in fact a dynamical variable. Note also the pump discontinuities associated with signal switching.
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where ␣ and ␤ characterize pump and signal absorption by the crystal. Note that the feedback loop resulting from the coupling to naturally accounts for the self-locking observed in our experiments, and also reported in Ref.
͓10͔.
As expected, introduction of the singular perturbation ͑1c͒ leads to self-pulsing. What is more striking is that numerical integration of this model reproduces extremely well the waveforms observed experimentally. As an example, Fig. 3 shows a typical regime that closely matches the experimental one in Fig. 2 for similar values of the accessible parameters (␥ϭ10 and Eϭ4). Taking into account the normalization of the fields ͓4͔, the ratio ␥␣/␤ should be close to the ratio of the absorption coefficients of the crystal, and has thus been fixed at 25. The remaining free parameters ␣ and ⑀ have been chosen so that the correct time scale is obtained and the waveforms qualitatively reproduce those observed experimentally. With ⑀ϭ10 Ϫ3 , the thermal time scale is /⑀ Ϸ 70 s, which gives the correct order of magnitude of the instability period ͑experimental and numerical periods are close to 90 s).
To identify the mechanism and explain the particularities of the self-pulsing regimes, we take into account the large ratio of the two time scales, i.e., the smallness of ⑀. This allows us to use our knowledge of the unperturbed system ͓4,9͔ for ⑀ϭ0 to explain the properties of the actual system.
The variable is a parameter for the unperturbed system of Eqs. ͑1a͒ and ͑1b͒, whose stable stationary solutions will be noted Ã p () and Ã s (). In first approximation, assume that in the complete model ͑1͒, the optical fast variables (A p ,A s ) adiabatically follow the slow one . The dynamics is then reduced to
It is readily seen that, if Ã p () and Ã s () are smooth functions of , the system ͑3͒ is purely one-dimensional and can only have fixed points. Thus the key ingredient for the self-pulsing instability is the existence for some parameter range of a bistability cycle associated with Ã p () and Ã s () ͓4,9͔. Periodic behavior then occurs when the dynamics described by Eq. ͑3͒ make the system oscillate around the bistability cycle, essentially as if the parameter of the unperturbed model of Eqs. ͑1a͒ and ͑1b͒ were swept back and forth over the bistability region. This is illustrated by Fig. 4 where phase portraits
… of a self-pulsing regime of model ͑1͒ are plotted with the bistability cycle of the unperturbed system. Figure 4 clearly shows that the dynamics involves slow evolutions ͑on the thermal time scale͒ on the branches, interrupted by two fast jumps ͑on the optical time scale͒ between the branches. This is the reason for the apparent discontinuities observed on experimental recordings of the pump and signal intensities ͑Fig. 2͒. Note that the switch to the upper branch in Fig. 4͑a͒ occurs well after the bifurcation point L has been crossed because the system stays on the unstable off state during a significant amount of time.
Such a mechanism is robust in that it would clearly persist if the model were modified, e.g., to describe more accurately thermal lensing effects. It appears to be similar to those that have been described for a nonlinear Fabry-Perot interferometer ͓17͔ and for cold atoms trapped in a cavity ͓18͔. Unlike in other optothermal instabilities such as those reported in Refs. ͓19,20͔, the bistability cycle exists here independently of thermal effects.
The identification of the mechanism gives a necessary condition for the appearance of a periodic cycle: the derivative of ͓given by Eqs. ͑2͒ and ͑3͔͒ must be strictly negative on the lower branch and strictly positive on the upper one ͑which precludes that a fixed point of the complete model be located on the branch segments visited by the cycle͒.
Without any calculation, this leads at once to the surpris- Fig. 3 . The bifurcation diagram of Eqs. ͑1a͒ and ͑1b͒ with as a parameter (⑀ϭ0) is also shown with full ͑dashed͒ lines representing stable ͑unstable͒ stationary states.
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ing conclusion that the crucial role in the instability is played by signal absorption, even if weaker than pump absorption. Indeed, we know that ͉Ã p off ()͉ϭ͉Ã p on ()͉ at the bifurcation point L of the bistability cycle ͓Fig. 4͑b͔͒. Hence, the derivatives of at points L and U on the lower and upper branches verify f U ϭ f L ϩ␤͉Ã s on ()͉ 2 . Since we must have f L Ͻ0 and f U Ͼ0, this clearly shows that ␤Ͼ0 is a necessary condition for the appearance of the instability. On the other hand, we have observed that self-pulsing regimes still occur if we set ␣ϭ0. Pump absorption, even if significant, thus cannot lead alone to the instability.
In conclusion, we have identified an instability mechanism for the OPO that differs from the Hopf bifurcation predicted by the parametric model. It is generic in that the main ingredients are ͑i͒ the bistability cycle known to exist in triply resonant OPOs and ͑ii͒ a slow variable whose existence can be due to several physical effects, the most common one being thermal variations of the crystal refraction indexes.
This result calls for further investigations in several directions. First, a complete bifurcation study of the model is needed, especially to determine which conditions the crystal absorption coefficients ␣ and ␤ must verify for the instability to occur. Second, the straightforward extension of our model to operation on two longitudinal modes is promising as it reproduces well the bimode regimes that we have also observed experimentally. Last, but not least, it is important to reconsider the study of transverse dynamics in connection with the present mechanism. For instance, our preliminary experimental observation near the cavity stability limit suggests the existence of thermally induced transverse variations of refractive indices. To describe this phenomenon, the model should be extended by including transverse effects and a heat diffusion equation.
Note added. We recently became aware of a work by Douillet et al. describing an instability in their AgGaS 2 OPO that seems very similar to that described in this work ͓21͔.
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